Introduction {#Sec1}
============

The name polymicrogyria (PMG) implies cortical gyri which are too many and too small, but the pathology, imaging and clinical manifestations of PMG are heterogeneous \[[@CR1]\]. PMG may be focal or widespread; the extent and distribution of the abnormality will determine its clinical manifestations. Clinical, radiological and pathological studies stress the phenotypic heterogeneity \[[@CR2],[@CR3]\]. PMG is similarly aetiologically heterogeneous, resulting from both genetic and destructive events, including infection, hypoxia-ischaemia, and trauma \[[@CR4]\] and cases with similar morphology do not necessarily share aetiologies. Genetic mutations have been identified in association with PMG, but in none is PMG the sole or specific abnormality. A single PMG syndrome may have multiple genetic aetiologies and, conversely, single genetic causes may give rise to variable PMG patterns \[[@CR5]-[@CR7]\]. Even combined analysis of clinical and imaging features, pathology and genetics fails to identify the underlying aetiology in the majority of cases. These features strongly suggest that PMG is not a single entity but instead represents the common endpoint of a variety of aberrations of cortical development.

In order to understand how and when such a heterogeneous condition occurs the specific developmental pathways which are disrupted need to be identified. The time of onset of PMG has not been established; it has been suggested to be both early, due to impaired proliferation and migration of neuroblasts \[[@CR8],[@CR9]\] and late, due to disordered post-migrational maturation of the cortex \[[@CR10]\]. The vast majority of studies of PMG and its clinical diagnosis have been based on radiological studies of the mature brain. Examining the post-natal brain, long after development is complete, is unlikely to reveal pathogenetic mechanisms; acute reactions have by then subsided and maturation and myelination obliterate earlier pathology \[[@CR1],[@CR11]\]. Animal models cannot be directly extrapolated to the developing human brain. Studies of fetal human brains are uniquely able to demonstrate human cortical development and its aberrations while they are in progress. Few such studies have so far been undertaken.

This review is based on extensive examination of human neuropathology, predominantly of fetal brains. We discuss the mechanisms which may lead to these patterns of abnormal cortical folding and describe the patterns of pathology seen in PMG of known aetiology (Additional file [1](#MOESM1){ref-type="media"}).

Pathological definition of PMG {#Sec2}
------------------------------

Friede defined PMG as *"an abnormally thick cortex formed by the piling upon each other of many small gyri with a fused surface"*. The characteristic microscopic features he described were abnormal arrangement of cells, an intracortical fibre plexus, excessive folding of all or only the upper layers, and fusion of gyral surfaces with large sinusoidal intracortical vessels \[[@CR12]\] (Figure [1](#Fig1){ref-type="fig"}) Norman \[[@CR13]\] in a more detailed description, identified five subtypes: 1 - unlayered 'festooned', 2 - four-layered cortex with a sinuous upper layer, 3 - parallel four-layered cortex, 4 - miniature gyri which are fused and 5 - poorly laminated. Fusion was only specified in "miniature gyri" but could be seen in combination with other patterns. Judkins \[[@CR14]\] proposed that the minimal criteria for PMG should be fusion of the molecular layer with *"festooning of the cortical surface, independent of other cortical changes*".Figure 1**Typical features of PMG in mature brains. a**: Term baby; a festooned band of nerve cells beneath a slightly bumpy surface with normal leptomeninges. Several large intracortical vessels are seen (arrows). Little myelin is seen at this age. (Luxol fast blue and cresyl violet (LBCV)). **b**: 16 year old. The myelin stain (Loyez) shows a band of myelinated fibres on the cortical surface indicating disruption of the anatomy at this level as well as in the neuronal band (arrows). The leptomeninges are adherent but not markedly thickened. The deep cortical junction with the white matter is sharp.

Cortical layering has been further classified as two, four and unlayered forms which are thought to reflect the time of insult. Unlayered is said to be "early", occurring at 16--24 weeks, and 4-layered is late \[[@CR15]\]. In early fetal cases it can be very difficult or impossible to define the number of layers in the cortex. In older cases, multiple layering patterns are commonly encountered in the same case and there is considerable overlap between them. Judkins considered that classification of PMG according to cortical lamination was unhelpful \[[@CR14]\].

It is clear that both fusion and cortical lamination are highly variable between cases and may not be reliable criteria for definition of the malformation. Some authors do not use the term PMG in the absence of fusion \[[@CR16]\] while others do \[[@CR17]\]. Our approach in reviewing this subject has been inclusive and we have accepted as PMG any case with festooning of one or more cortical layers.

PMG can occur as an isolated finding but almost always it is associated with other anomalies of the central nervous system (CNS) including periventricular nodular heterotopia, excessive scattered neurons in the underlying white matter, agenesis of the corpus callosum and brainstem or cerebellar abnormalities. It can also be part of a multiple congenital anomaly syndrome with additional abnormalities outside the CNS.

Radiological definition of PMG {#Sec3}
------------------------------

Based on imaging, PMG has been classified into three morphological subtypes: coarse, delicate and saw-toothed, although the appearances are highly variable and depend on age and degree of myelination \[[@CR1],[@CR3]\] (Figure [2](#Fig2){ref-type="fig"}).Figure 2**PMG macroscopic appearance in MRI and fixed brain. a**: MRI; horizontal image. The cortex over the insular and frontal areas is polymicrogyric; irregular with many small, densely-packed folds, while the cortex of the posterior brain (below) is normal. **b**: Coronal slice through a fixed brain shows small, densely-packed cortical folds over the frontal lobes but the cortex of the basal temporal lobes is spared. The corpus callosum is thin and the ventricles are large. **c**: Lateral view of a fixed brain; the gyri are coarsely nodular. The naked eye appearance of polymicrogyria can be subtle and requires histological confirmation. **d**. Section of hemisphere with abnormally festooned cortex with multiple small folds in the Sylvian fissure (between black arrows) (LBCV stain).

Radiological delineation of patterns of PMG is valuable in the clinical evaluation of patients and directing genetic studies, but in general the radiological appearances correlate poorly with aetiology. Radiology does not have the resolution to describe the detail of the malformed cortex; pathological correlation is essential for its accurate interpretation. This is not often done, as many cases survive into adult life and autopsies are rarely performed in them; material derived from epilepsy surgery is restricted to patients whose epilepsy was so severe as to necessitate surgery. In either case only the most severe or long-standing cases, likely to be complicated by secondary atrophy and gliosis, are studied and the pathology of milder phenotypes remains unclear. In a recent reclassification of the radiology of PMG, Barkovich \[[@CR1]\] called for detailed description of the pathology of PMG and we attempt to address this.

Mechanisms of PMG {#Sec4}
-----------------

Taking a broadly inclusive approach, and accepting as PMG any case where one or more cortical layers shows abnormal folding or festooning, the most common pathology is of disruption of the cortical surface and its interaction with the leptomeninges. Other patterns include fusion of the molecular layers of adjacent gyri, premature folding of the cortical neuronal band and early destructive lesions.

### Disorders of the brain surface {#Sec5}

The brain surface is complex, consisting of the leptomeninges (arachnoid membrane, pial cells), basement membrane, radial glial/astrocytic end feet and Cajal-Retzius cells in the upper molecular layer. All of these elements have been implicated in cortical malformations.

The fetal meninges play an important role in cortical development; they regulate cortical neuronogenesis, cell migration and positioning, and maintain the pial basement membrane, which is critical for attachment of radial glial end feet \[[@CR18]\]. Very early animal experiments demonstrated that compromising the integrity of the brain surface led to cortical malformation, including PMG. Freezing the upper cortical layers or gentle brushing of the uncovered meninges in newborn rats caused PMG, while the same insults after day 4 of life caused necrosis \[[@CR19],[@CR20]\]. Surgical removal of the meninges and their associated blood vessels in fetal mice led to apoptosis of radial glial cells and reduction in cortical size \[[@CR21]\].

Abnormal leptomeninges are seen overlying human PMG \[[@CR22]\], and leptomeningeal thickening with vascular proliferation, pial defects and over-migration, are seen in over 80% of cases of PMG, both of genetic and destructive origin \[Jansen A, Robitaille Y, Honavar M, Mullatti N, Leventer RJ, Andermann E, Andermann F, Squier W (forthcoming) The histopathology of polymicrogyria: a series of 71 brain autopsy studies\] (Figure [3](#Fig3){ref-type="fig"}). It remains to be clarified whether leptomeningeal pathology participates in the genesis of PMG or represents a secondary change. Acute infarction per se causes reactive change in the leptomeninges which may cause fusion of adjacent gyral surfaces without cortical malformation. The determining factor appears to be the timing of the insult \[[@CR19]\].Figure 3**Leptomeningeal changes over PMG cortex. a**: The leptomeninges become adherent, thickened and vascular (arrow) as the cortex beneath them becomes abnormally festooned towards the left of the image. Mature brain (Haematoxylin and Eosin (H&E)). **b**: Fetus of 19 weeks: high power image shows reticulin stain to show the thickened leptomeninges over PMG cortex. The pial basement membrane is adherent and shows focal gaps with cells entering the leptomeninges from the subpial layer (short arrows). A vessel is seen crossing the pia between hypercellular leptomeninges and the cortex (long arrow) (reticulin).

Adhesion of the medial frontal lobes in PMG \[[@CR23],[@CR24]\] implies not only abnormal surface fusion, but also failure of the normal formation of the midline falx and primitive venous sinuses which are already present between the medial aspects of the frontal lobes by six weeks of gestation \[[@CR25]\]. This suggests that all three meningeal layers, not just pia/arachnoid may be involved in normal corticogenesis.

The pial basement membrane {#Sec6}
--------------------------

For over a decade it has been recognised that an intact pial basement is required for proper cortical histogenesis \[[@CR26]\]. An increasing number of cortical dysplasias, including PMG, have been associated with defects in specific basement membrane components, these include fibronectin, laminin γ-1, laminin α2 and α4, Col4A1 and α-dystroglycan \[[@CR21],[@CR26]-[@CR29]\]. Animal models indicate that the basement membrane appears to develop normally at first but later defects appear as a result of instability during brain growth and remodelling \[[@CR29]-[@CR31]\].

Pial cells {#Sec7}
----------

Pial meningeal cells are derived from the neural crest and migrate in a ventral to dorsal direction over the developing mammalian forebrain. They produce a number of signalling factors (including CXCL12, Zic and retinoic acid) which play an important role in neuronal migration and positioning in the cortex and in the development of the astrocytic end feet of the superficial glia limitans. Pial cells also secrete components of both the interstitial matrix and the basement membrane \[[@CR18],[@CR32]\]. *FOXC1* is expressed in all three meningeal layers, and in humans is associated with defects in eye and cerebellar development \[[@CR33]\]. A mouse model of Foxc1 mutation demonstrates a direct relationship between impaired migration of meningeal cells and cortical malformation; areas of cortex covered by leptomeningeal cells develop normally but areas of the cortex where leptomeningeal cells fail to migrate are malformed \[[@CR34]\]. In this model the most severe phenotype showed widespread cortical disruption but the basal cortex was spared. In the less severe phenotypes the malformed cortex was only found over the dorso-lateral cerebral cortex, corresponding to areas where meningeal cells had failed to migrate. The resulting pattern of cortical malformation mimics the typical distribution of PMG in human cases, with preferential involvement of the dorsolateral cortex, sparing the basal cortex \[[@CR3],[@CR17]\]. Perturbation of signals produced by meningeal cells also causes disruption of tangential migration and laminar and regional distribution of cortical interneurons, and interferes with development of the corpus callosum \[[@CR35]-[@CR37]\].

Cajal-Retzius (CR) cells {#Sec8}
------------------------

Cajal-Retzius (CR) cells have a role in normal corticogenesis \[[@CR38]\] and may be focally increased in number, persisting beyond fetal life, in areas of PMG \[[@CR39]\]. CR cells originate medially in the cortical hem and migrate over the cerebral hemispheres, the most distal cortical fields being the lateral hemisphere (future perisylvian region) \[[@CR40]\]. The meninges are necessary as a physical substrate for CR cell migration and also as a source of the chemoattractant CXCL12 \[[@CR41]\]. The frequent occurrence of PMG in the distal parts of this pathway is not explained simply by failure of CR migration as animal models have identified CR cells in the abnormal cortical regions. However, the CR cells are displaced into the leptomeninges, where it is possible that their function may be impaired \[[@CR29],[@CR31],[@CR34]\].

Radial glial cells/astrocytic end feet {#Sec9}
--------------------------------------

The importance of the radial glial cells (radial precursor cells) for neuronal migration and normal and abnormal cortical formation is well established \[[@CR42]\]. The integrity of the attachment between radial precursor end feet and the brain surface appears to be essential for their survival and, if damaged, leads to apoptosis and reduction in cortical size \[[@CR21]\]. PMG is commonly associated with abnormalities of neuronal migration including heterotopia \[[@CR1],[@CR43],[@CR44]\].

### Fusion of the adjacent gyral surfaces {#Sec10}

The traditional explanation for PMG has been that it comes about by fusion of adjacent cortical gyri. Indeed, Judkins proposed that the minimal criteria for PMG should be fusion of the molecular layer with festooning of the cortical surface, independent of other cortical changes \[[@CR14]\].

Importantly, there is a question of how fusion is defined. Fusion is frequently described in the various forms of PMG, but Norman specified it in only one of the five subtypes she described \[[@CR13]\]. Friede's definition of PMG included *"large sinusoidal vessels marking the seams between adjacent fused gyri"* \[[@CR45]\]. However, large vessels may merely be a part of a field malformation and cannot in themselves be an indication of fusion; they are identified in cobblestone cortex where fusion is not a mechanism \[[@CR11],[@CR46],[@CR47]\]. We suggest that fusion may be defined only when there is additional evidence of trapped remnants of the leptomeninges between the folds of the festooned neuronal band. We have based our definition of true fusion on the observation of bundles of collagen fibres, which are normal in the pial basement membrane and around blood vessels, but are not normal in the brain parenchyma (Figure [4](#Fig4){ref-type="fig"}).Figure 4**Cortical fusion; fetus 34 weeks.** Depths of a sulcus at low power (**a**. H&E stain, **b**. Reticulin) shows the sulcus extending into the cortex as a seam. There are abnormally large blood vessels in the superficial cortex around the seam. **c**: At higher power the reticulin stain shows collagen fibres (arrows) which are not found in normal cortex and represent the remnants of trapped leptomeninges. There are abnormal large blood vessels and many plump, reactive astrocytes.

While the vestiges of gyral fusion are commonly seen, fusion is by no means universal in PMG \[[@CR17]\]. In one form of PMG, associated with periventricular heterotopia, multiple sulci appeared to demonstrate different stages of fusion with adjacent gyri "zipping up" from the depths of sulci. The leptomeninges were normal but increased numbers of cells were identified in the subpial zones at the bases of "zipping" adjacent sulci \[[@CR48]\].

### Premature cortical folding {#Sec11}

Little is known of the signals for, or mechanisms of, normal cortical folding. Many hypotheses have been proposed during the last century, but no clear mechanism is agreed.

Studies of the fetal cortex need to take into account the normal appearances at different gestational ages. The fetal brain is normally smooth until normal gyration begins at 21 weeks gestation. Gyration is well defined by 28 weeks and by term is almost complete. It can be impossible to identify abnormal folding patterns, particularly by radiology, before this time. Abnormal undulation of the upper cortical layers between 18 and 28 weeks of gestation may be mistaken for PMG but this finding (Papillae of Retzius or status verrucosus), is most probably an artefact.

Not uncommonly abnormal festooning of the cortical neuronal band occurs well before the time at which normal cortical folding is expected (Figure [5](#Fig5){ref-type="fig"}).Figure 5**Premature cortical folding. a**: Fetus of 18 weeks with an area of abnormal cortical folding in what will become the perisylvian area (arrows). The surface of the brain elsewhere is smooth, as expected at this age (H&E). **b** and **c**: two examples of abnormally festooned neuronal bands in fetuses aged 29 and 26 weeks. In **(b)** (29 weeks) a single neuronal band festoons below thickened and very vascular leptomeninges (reticulin). In **(c)** (26 weeks) a single neuronal band festoons below a straight subpial, densely cellular, band. Less densely packed cells occupy the tissue between these two more cellular bands.

In a more extreme example the entire developing cortical wall is occupied by a festooned band of neurones, organised into three layers, sweeping between the brain surface and the germinal matrix lining the lateral ventricle. Fusion of adjacent folds is not seen and the cortical surface is normal (Figure [6](#Fig6){ref-type="fig"}). This appearance has been labelled undulating band heterotopia \[[@CR49]\]. In one study loss of doublecortin was identified in the neurones of the subcortical band \[[@CR50]\].Figure 6**Undulating band heterotopia; fetus of 23 weeks. a**: A slice of the fixed brain shows large ventricle and a thin cortical mantle in which the undulating cortical neuronal band can just be made out (arrows). **b**: H&E stained section shows a festooned band of neurones sweeping from the brain surface (L) to the ventricular zone where germinal matrix (GM) separates it from the ventricular wall.

### Temporospatial patterning of PMG {#Sec12}

Radiological studies have elucidated specific patterns of distribution of the PMG \[[@CR3],[@CR1]\]. It occurs most commonly in the perisylvian region; the dorsolateral or frontal regions are also frequently involved but the base of the brain and the medial temporal cortex and the hindbrain tend to be spared. On the contrary, the pathological literature has paid little attention to the spatial distribution of PMG.

The potential role for migration of leptomeninges and CR cells in the patterning of PMG has been discussed. The spatial patterning of the cortex is under genetic control and one transcription factor responsible for the cortical area map, EOMES (eomesodermin), has been shown to be defective in a syndrome which includes PMG, microcephaly and agenesis of the corpus callosum \[[@CR51],[@CR52]\].

Other, better studied, cortical malformations may throw light on the mechanisms and spatial distribution of PMG. In recent years the distinction between cobblestone malformation and PMG has become blurred and focal PMG is frequently seen together with cobblestone lissencephaly \[[@CR1],[@CR24],[@CR53],[@CR46],[@CR47]\]. The cobblestone malformation is the prototype of cortical overmigration into the leptomeninges in association with defects in the pial surface of the brain \[[@CR11]\]. Originally described in association with congenital muscular dystrophy and dystroglycanopathy, pial basement membrane defects and over-migration are now recognised in association with mutations in numerous genes including *GPR56, TUBB2B, COL4A1* and *MARCKS* \[[@CR7],[@CR26],[@CR28],[@CR29],[@CR31],[@CR54]\]. Disruption of the pial basement membrane is identified in the majority of cases of PMG of all causes \[Jansen A, Robitaille Y, Honavar M, Mullatti N, Leventer RJ, Andermann E, Andermann F, Squier W (forthcoming) The histopathology of polymicrogyria: a series of 71 brain autopsy studies\].

Cobblestone lissencephaly, the malformation in *GPR56* and *TUBA1A* mutations as well as PMG tend to spare the base of the brain and inferior temporal regions. In cobblestone lissencephaly the most severe cobblestone pathology is over the lateral aspects of the hemispheres, but the pattern undergoes a subtle transition in the dorsomedial region to a different pattern in the medial frontal lobes where PMG and surface adhesion may be seen \[[@CR16],[@CR23],[@CR24],[@CR53]\]. The adjacent medial frontal surfaces are often fused or interdigitated with microscopic bridges of connective tissue containing immature cells extending between them (Figure [7](#Fig7){ref-type="fig"}). The spatial distribution of the cortical malformation is replicated in the *Foxc1* mouse model \[[@CR18]\]. Fusion of the medial frontal lobes further indicates failure of development of the midline meningeal falx, emphasising the importance of all layers of the meninges for normal cortical development. Interestingly, patients with deletions of 6p25.3, which codes for FOXC1, show defects of the midline dural folds (falx and tentorium) \[[@CR33]\].Figure 7**Cobblestone malformation; fetus aged 20 weeks.** In the centre is a coronal section through the frontal part of the brain. The classic cobblestone cortex is seen over the lateral hemisphere walls (box **a**). There is a gradual transition in the nature of the malformation over the vertex and into the medial frontal lobes where the appearance is of PMG. The adjacent medial frontal surfaces are fused and share a basement membrane (boxes **b** and **c**) (H&E). **a**: Higher power of classic cobblestone malformation in the lateral wall of the frontal lobe. A line, representing the original pial surface, runs vertically through the mid region of the cerebral wall. To the left the lateral brain surface consists of masses of ectopic neurones mixed with vascular meninges. To the right in the deeper part of the brain wall clusters of neurones of the original cortex directly abut the pial surface (H&E). **b**: Medial frontal lobes. There is no falx. The cortical neuronal band is festooned. The leptomeninges are thickened and dip into fused adjacent folds of the neuronal band. **c**: The surface collagen layers are reduplicated and fused in the midline (reticulin).

An obvious difference between PMG and the cobblestone malformation is sparing of the cerebellum and brainstem in the vast majority of PMG. Unlike classical lissencephaly, in the cobblestone malformation the brainstem and cerebellar cortex, which depend on migration pathways through the leptomeninges, are malformed \[[@CR55]\]. There are at least two potential explanations for this. The leptomeninges in these areas have separate origins; the forebrain meninges are derived from the cranial neural crest, while the hindbrain and spinal cord leptomeninges arise in the mesoderm \[[@CR56]\]. Secondly, neuronal migration in the forebrain is largely dependent on radial precursor cell guides, while in the hindbrain a large proportion of migration is dependent on adhesion to the surface basement membrane \[[@CR27],[@CR57],[@CR58]\].

The temporal effects of migration and specific gene expression may be equally important; PMG develops after insults in specific developmental periods \[[@CR19]\]. Similarly, the death of radial glial cells is triggered by removal of the meninges in animal models only in very specific time frames \[[@CR21]\]. *GPR56* mutation causes both PMG and a cobblestone like pathology \[[@CR31]\] and also involves the cerebellum. In *GPR56* null mice the rostral cerebellar defect appears to depend on specific failure of adhesion of the late migrating cortical granule cells to the basement membrane, indicating developmentally critical differences between regions, some existing only transiently \[[@CR27]\]. It is notable that posterior cerebellar agenesis or hypoplasia is also a feature in *TUBA1A* mutation \[[@CR16]\].

Physical and mechanical implications of surface pathology {#Sec13}
---------------------------------------------------------

A further mechanistic consideration is the mechanical constraint that abnormal leptomeninges may place on the developing cortex. One of the commonest pathologies in PMG is thickening of the leptomeninges overlying the malformed cortex. This may impose physical constraints on the expanding cortex, forcing the developing neuronal band to undergo increased folding in order to be accommodated in an area where expansion is limited by the rigidity of the overlying leptomeninges. (Personal communication, Alain Goriely OCCAM, Oxford).

PMG and associated aetiologies {#Sec14}
------------------------------

### PMG associated with congenital infections {#Sec15}

Cytomegalovirus (CMV) is the commonest congenital infection and a common infectious cause of PMG \[[@CR12],[@CR59]\]. Consistent microscopic features include prominent pathology at the brain surface overlying the polymicrogyric cortex (Figure [8](#Fig8){ref-type="fig"}). Necrosis, calcification and meningeal inflammation associated with damage to the glia limitans are described \[[@CR60]\]. We have observed reduplicated layers of pial reticulin with focal defects and overmigration of cells as well as increased cellularity and dilatation of blood vessels of the leptomeninges. The deep cortical border is irregular, sometimes with nodules or columns of incompletely migrated cells in the underlying white matter (Figure [9](#Fig9){ref-type="fig"}). In older cases trapped, thickened leptomeninges, basement membrane and blood vessels within a festooned cortical neuronal band suggest previous fusion of adjacent gyral surfaces.Figure 8**CMV; fetus 35 weeks. a**: Fixed brain showing a well-defined area of cortical malformation in the peri-Sylvian region (arrows). **b**: The cerebral cortex shows increased cellularity in the molecular layer of the cortex (arrow) (H&E). **c**: Reticulin stain shows the increased collagen in the leptomeninges and around blood vessels dipping into the cortex. **d**: The cerebellar cortex is also involved and abnormally folded with extensive disruption of its superficial layers (H&E). **e**: A typical large nuclear inclusion of CMV (H&E).Figure 9**CMV; fetus 22 weeks. a**: The developing cortical plate is an undulating band beneath thickened leptomeninges (L). A mass of incompletely migrated cells merges into the irregular deep cortical border (arrow) (H&E). **b**: Reticulin stain shows dilated surface vessels and multiple layers of reticulin overlying an irregularly festooned neuronal band.

The characteristic features of CMV (giant nuclear inclusions, inflammation, microglial clusters and calcification) are usually easily identified. In establishing an infectious cause the distribution of PMG may be helpful. While the distribution of pathology over the cerebral hemisphere is not consistent, both the cerebral and the cerebellar cortex are usually involved, as well as the eyes and other organs. The pathology in the 35 week fetal brain shown in Figure [8](#Fig8){ref-type="fig"}, with preferential damage in the perisylvian cortex, was initially interpreted as due to a genetic or vascular cause \[[@CR4]\]. The cerebellar cortex was also severely damaged.

Failure to identify the hallmarks of infection does not indicate that infection can be ruled out. One of our cases was a baby born at 35 weeks and dying at 8 weeks of age from cardiorespiratory failure with small, well-developed foci of PMG with a festooned neuronal band. There was sparse calcification and a single microglial cluster was identified. Despite a careful search, including with immunohistochemistry, no cells typical of CMV were identified in the brain. It was only on subsequent histology of the body organs that CMV in the kidney and pituitary gland was identified. CMV should still be considered as the aetiological agent even when it cannot be identified in the brain and may be a more common cause of PMG than is currently recognised.

A further complication in establishing a diagnosis of CMV is that this infection is capable of recurring in subsequent pregnancies, which might be taken to suggest a genetic cause. In one study the rate of transmission to infants born to mothers who had a primary infection or a recurrent infection during pregnancy was 32% and 1.4%, respectively \[[@CR61]\]. While the manifestations in the infant are generally considered to be more severe in primary infections, fetal death and severe neonatal illness have been described following congenital infection in seropositive mothers \[[@CR59]\].

Teissier et al. \[[@CR60]\] have shown that CMV infects all cell types in the brain but shows higher tropism for stem cells/radial glial cells. This suggests that the large spectrum of CMV-induced brain abnormalities is caused not only by tissue destruction but also by the particular vulnerability of stem cells and radial glia during early brain development. This is in line with earlier studies showing damage to vascular endothelium \[[@CR62]\] and with mouse models which have shown that neural and progenitor cells in the subventricular zone are the most susceptible to CMV. In later stages the infection may involve neurones and become latent \[[@CR63]\].

Toxoplasmosis has a less commonly described, but recognised, association with PMG \[[@CR45]\].

PMG associated with ischaemia {#Sec16}
-----------------------------

PMG associated with ischaemic damage is usually identified on the border of areas of infarction but may also occur either within arterial territories or quite distant from areas of frank infarction \[[@CR9],[@CR22],[@CR64]\]. Rarely in human cases is there precise timing of an ischaemic event leading to cortical malformation. In a case reported in detail elsewhere \[[@CR48]\], a mother suffered a road traffic accident at 24 weeks gestation and pregnancy was terminated 12 weeks later because fetal MRI showed development of bilateral "porencephalic cysts" and subdural haemorrhages. The baby's development was otherwise normal; there was no evidence of direct trauma to the baby, placental infarction or haemorrhage. Pathology confirmed bilateral middle cerebral artery infarction. Histology showed PMG with pial basement membrane reduplication, over-migration into the leptomeninges and increased leptomeningeal vascularity bordering the infarction and in the occipital watershed zones. There was also subcortical heterotopia, transmantle dysplasia, and schizencephaly (Figure [10](#Fig10){ref-type="fig"}). The brain damage was the result of fetal cerebral ischaemia, rather than direct trauma to the baby or the brain. This case illustrates that PMG may occur after a single ischaemic insult at 24 weeks and be associated with leptomeningeal disruption and over-migration as well as a complex spectrum of cortical malformations.Figure 10**Ischaemia; fetus of 36 weeks following trauma at 24 weeks gestation. a**: A cleft, bordered with irregularly festooned cortex, dips into the brain from the surface. The cleft is immediately adjacent to the infarcted middle cerebral artery territory (box) where there is thickening and increased vascularity of the overlying leptomeninges (reticulin). **b**: Higher power of the pial surface from area within box in **(a)** showing apparent loss of pial basement membrane, multiple layers of collagen and large blood vessels. Abnormal masses of cells (presumed over-migrated) are seen between these vessels (arrows). **c**: An area of normal cortex from the same case stained with reticulin to show the pial basement membrane and surface blood vessels. **d**: Reactive surface overlying infarcted cortex. The pial basement membrane no longer forms a discrete band but is irregular and thickened with focal breaches (arrows). The surface blood vessels are numerous and dilated.

### Watershed zone PMG {#Sec17}

PMG associated with ischaemia has classically been described in arterial territories, but is rarely described in a watershed distribution \[[@CR65],[@CR66]\]. This indicates that watershed perfusion failure may occur before the twenty-fourth week of gestation, when PMG is considered to develop, and is not restricted to the term brain as often suggested \[[@CR67]\].

### Laminar necrosis {#Sec18}

Ischaemic aetiology is usually assumed when necrosis is seen in a distribution which conforms to a known vascular territory or when a mutation likely to impair vascular function is identified (see below). Due to immaturity of the vascular system, destructive lesions of the fetal brain may be less clearly anatomically defined than in later life. When other causes can be excluded, e.g. infectious agents are not identified by histological or microbiological means; destructive lesions are generally assumed to be ischaemic in origin. Infarction or haemorrhage in other organs or the placenta supports a systemic disease such as coagulopathy, vasculopathy or placental pathology.

Necrosis of specifically vulnerable cortical layers has been suggested as a cause of two and four-layered PMG \[[@CR8],[@CR15],[@CR68]\]. In fetal laminar necrosis we have observed a horizontal split separating the cortex into two bands (Figure [11](#Fig11){ref-type="fig"}). Either may be festooned; the deep band is often irregular and in continuity with groups of incompletely migrated cells extending into the underlying white matter. Laminar necrosis is associated with thickening, fibrosis and increased vascularity of the arachnoid \[[@CR68]\]. There may also be reduplication of the pial basement membrane. Increased numbers of macrophages, some containing haemosiderin or intracellular calcification, may be identified in the cortical split as well as among the clusters of cells in the white matter. These support the diagnosis of a destructive aetiology.Figure 11**Laminar necrosis; fetus 22 weeks. a**: There is a horizontal split in the cortex. The upper cortical layer above the split is mildly irregular, the lower layer has an ill-defined deep border with clusters of incompletely migrated cells merging into it. **b**: CD68 stain shows large numbers of macrophages in the cortex and the subcortical masses of cells.

The reason for irregular folding of the residual layers is unclear; Dvorak \[[@CR19]\] proposed that cells migrating through damaged tissue are misplaced in the mature cortex. The large numbers of macrophages may be significant; they have been shown to play a part in axonal guidance and synaptogenesis \[[@CR69]\].

### Arterial calcification {#Sec19}

We have examined one 35 week male fetus with extensive PMG associated with a very unusual vascular anomaly (Figure [12](#Fig12){ref-type="fig"}). Large and medium sized meningeal arteries had adventitial calcification with intimal thickening and significant luminal narrowing. The baby was microcephalic, with extensive PMG over the cerebral hemispheres. There was pial BM reduplication, over-migration and increased leptomeningeal vascularity. The hippocampus was preserved and the cerebellar cortex normal but there was dentato-olivary dysplasia. There was patchy tissue calcification in the cerebral cortex, white matter and deep grey matter typical of old necrosis, but no evidence of intrauterine infection. No gene testing was undertaken. The vascular appearances are very occasionally seen in leptomeningeal vessels of babies with prolonged survival after hypoxic-ischaemic brain damage. They are also described in the systemic vessels in the syndrome of "Generalized arterial calcification of infancy" in mutations in either *ENPP1* or *ABCC6* \[[@CR70]\]. Involvement of cerebral arteries in this syndrome appears to be most unusual; of 180 cases so far published one female infant of 37 weeks gestational age was shown by ultrasound examination to have calcification in the cerebral vessels \[[@CR71]\]. No case has yet been described with PMG. Reduced cerebral vascular compliance due to arterial calcification leading to ischaemia at the appropriate developmental stage may provide an explanation for the cortical dysplasia in this unusual example.Figure 12**Arterial calcification; fetus 36 weeks. a**: H&E stain showing festooned cortex with adhesion of the leptomeninges to the cortical surface The thickened, vascular meninges dip into the sulci (arrows). **b**: Reticulin stain showing thickened pial collagen and increased leptomeningeal vascularity. The pial surface is partly buried in masses of heterotopic cortex (arrow). **c**: Surface artery with confluent calcification in the wall. The intima is thickened and fibrous with a very reduced lumen. **d**: The hippocampal cortex is normal.

### Schizencephaly {#Sec20}

Schizencephaly is a form of destructive brain lesion which may be seen in association with PMG. It is defined as a cleft of the brain wall extending from the brain surface to the ventricular lining \[[@CR72]\] but is not clearly distinguished from porencephaly or other destructive lesions in the developing brain. The term carries no aetiological implications.

Ischaemia of multifactorial or genetic origin {#Sec21}
---------------------------------------------

Ischaemia of the developing brain is usually acquired but may also be multifactorial or genetic in origin. Several genetically determined conditions are associated with PMG of ischaemic origin.

### Occludin {#Sec22}

PMG has been identified in patients with mutations in the occludin gene *(OCLN)* in a syndrome which also includes band-like calcification and simplified gyration. Occludin is an integral component of the tight junctions of endothelial cells in the brain. It is also involved in organization and orientation of the microtubular network in epithelial cell migration during wound healing \[[@CR73]\], but does not appear to have been implicated in neuronal migration.

MRI of patients with occludin mutations shows characteristic bilateral, symmetrical, predominantly fronto-parietal PMG, a prominent band of calcification in the cortex, and calcification in the cerebellum and basal ganglia. Neuropathology in one case has shown the calcification predominantly in the walls of blood vessels in the deep layers of the polymicrogyric cortex. There was no neuronal over-migration and the pial surface was intact. However, there were also areas of gliosis and centrilobular sclerosis in the cerebellum, in a pattern indicating ischaemic tissue damage and atrophy \[[@CR74]\]. The co-existence of PMG and ischaemic atrophy may be explained by abnormal endothelial function leading to reduced perfusion or exchange at the neurovascular unit and manifesting as either malformation or atrophy according to specific vulnerability at different periods of development. Whether the malformation is the result of an independent and direct influence of occludin on neuronal migration has not, to our knowledge, been explored.

### COL4A1/COL4A2 {#Sec23}

Type 4 collagen is ubiquitous in basement membranes and mutations in *COL4A1/COL4A2* are associated with porencephaly, schizencephaly and cobblestone cortex with normal dystroglycan \[[@CR28],[@CR75]\]. Mutations in collagen genes may affect cortical development either by disrupting vascular membranes or the membranes covering the brain surface. Autopsy studies of babies with mutations in this gene have not been described to date.

### ALX4 and MSX2 {#Sec24}

These genes are involved in control of membranous ossification but PMG is described in some patients with mutations in these genes. The typical constellation of findings includes parietal foramina, aplasia of the lateral end of the clavicle and malformations of the dural sinuses; a number of patients have been described with occipital PMG, in some there was associated white matter abnormality on imaging, encephalomalacia and strokes \[[@CR76],[@CR77]\]. This was associated with dural venous malformation characterized by persistent median prosencephalic vein and an underdeveloped straight sinus. Aberrant venous drainage from the occipital lobes in early fetal life would explain PMG and, in later fetal and postnatal life, the encephalomalacia and strokes. However increasing recognition of the role of the meninges in cortical development \[[@CR26],[@CR78]\] indicates that their direct involvement in PMG associated with *ALX4* and *MSX2* mutations cannot be dismissed.

### 22Q11 {#Sec25}

PMG has been described pathologically in patients with deletions in *22Q11* and MRI has shown cerebral atrophy and loss of white matter volume \[[@CR4],[@CR79]\]. It is likely that the abnormal embryonic vascular development in this condition is associated with hypoperfusion which leads to malformation, rather than any independent gene effect on cortical development \[[@CR80]\].

### Sturge Weber Syndrome (SWS) {#Sec26}

Somatic activating mutations in *GNAQ* have been identified in affected tissue from SWS and port-wine stains \[[@CR81]\]. Focal PMG has been reported in some patients with SWS, typically in the cortex ipsilateral to a leptomeningeal angioma. This has been assumed to be due to chronic hypoxia as a result of hypoperfusion in the cortex underlying the meningeal angioma. However, the cortical pathology beneath the angioma is not simply that of ischaemia and perfusion and metabolic abnormalities extend beyond the cortex beneath the angioma. The mechanisms of cortical damage remain unclear \[[@CR82]-[@CR84]\].

PMG associated with genetic etiologies {#Sec27}
--------------------------------------

To date mutations in a large number of genes have been associated with PMG \[[@CR4]\]. However, none has yet been identified in which PMG is the phenotypic hallmark; it remains only one of a range of brain abnormalities including pachygyria, lissencephaly, schizencephaly, callosal, hippocampal, brainstem and cerebellar abnormalities. PMG can be associated with mutations in genes encoding for proteins with a wide variety of functions, including centrosome-, cilia- and microtubule-related proteins, or proteins involved in maintaining the integrity of the basement membrane \[[@CR85],[@CR86]\]. Many of these studies depend on the description of the human cortical malformation by MRI. More precise definition of the pathology in the human brain, together with animal models, are beginning to identify the specific pathways disturbed in individual syndromes. The unfolding story of some of the more important genes related to PMG demonstrates the significance of the tubulins and GPR56. Many other genes have been associated with PMG, we note briefly those where the diagnosis has been verified by pathology.

### Tubulins {#Sec28}

Multiple tubulins are found in post mitotic cells of the human nervous system and are required to build microtubules which are essential for neuronal migration, differentiation and axonal guidance \[[@CR87]\]. PMG has been reported in patients with mutations in *TUBA1A, TUBB2B, TUBB3 and TUBA8* \[[@CR3],[@CR7],[@CR16],[@CR88]\]. Closer analysis of the pattern of PMG in some cases with tubulin mutations shows breaches in the pial basement membrane, over-migration of neurones, disorganisation of radial glial fibres and cerebellar nodular heterotopias \[[@CR7]\].

### GPR56 {#Sec29}

Based on radiological studies, PMG associated with *GPR56* mutation was classified as localised bilateral frontoparietal PMG \[[@CR89]\], but subsequent MRI and pathological studies show that in this condition PMG and cobblestone malformation co-exist \[[@CR53],[@CR89]\]. Animal models \[[@CR31]\] show focal defects in the pial basement membrane and over-migration of neurones into the leptomeninges; they have established a role for GPR56 in maintaining basement membrane integrity and adhesion of migrating cells to specific components of basement membrane \[[@CR27]\]. The histology and distribution of the cortical pathology in human *GPR56* mutation show subtle differences from the cobblestone malformation associated with dystroglycanopathies (Figure [13](#Fig13){ref-type="fig"}). Thickened and metaplastic cerebellar leptomeninges containing skeletal muscle fibres have been described \[see Jansen A, Robitaille Y, Honavar M, Mullatti N, Leventer RJ, Andermann E, Andermann F, Squier W (forthcoming) The histopathology of polymicrogyria: a series of 71 brain autopsy studies\].Figure 13***GPR56*** **mutation and cobblestone cortex. a**: *GPR56* mutation in fetus of 27 weeks. There are irregular remnants of the original cortical surface (P) buried beneath a band of white matter. Above this the cortical ribbon is festooned beneath greatly thickened and vascular leptomeninges (L). **b**: Cobblestone malformation, fetus 20 weeks. There is a more obvious linear remnant of the cortical surface (P). Beneath it are clusters of neurones of the original cortical plate abutting the pial surface. Above is a smooth band of ectopic cortical cells mixed with vascular meninges over the brain surface (L). (**a** and **b** H&E).

### WDR62 {#Sec30}

Mutations in this gene are associated with microcephaly and multiple brain malformations \[[@CR90]\]. WDR62 protein is expressed in neural progenitors in the neocortex transiently during the period of embryonic neurogenesis \[[@CR85],[@CR91]\]. It is a centrosomal as well as a nuclear protein and the localization is dependent both on the cell phase and on the cell type \[[@CR92]\]. Radiological studies have suggested that PMG with or without schizencephaly is seen in patients with *WDR62* mutation. The only one case with pathology, a 27 week human fetus, had a thin disorganised cortical plate, focal leptomeningeal over-migration and subcortical heterotopia but no PMG.

### Monosomy of 1p36 {#Sec31}

Detailed neuropathological analysis of a single case revealed festooning of the cortex without fusion or surface abnormality. The authors debated whether to describe this malformation as PMG; it is consistent with our inclusive categorisation. Interestingly the malformation was restricted to dorsolateral aspects of the cerebral hemispheres and was associated with hippocampal malrotation, but not dysplasia, and periventricular heterotopia \[[@CR17]\].

### EOMES {#Sec32}

PMG, microcephaly and agenesis of the corpus callosum are described in inactivation of the T-box transcription factor gene *EOMES* \[[@CR52]\]. *EOMES* codes a transcription factor which influences regional gene expression and is involved in implementing regional identity in the cortex \[[@CR51]\].

### LAMC3 {#Sec33}

Laminins are extracellular adhesion proteins usually localised to basement membranes. LAMC3 also binds either to nidogen or to α6β1-integrin and recessive mutations in this gene are associated with occipital cortical malformation including PMG \[[@CR93]\].

PMG associated with metabolic disorders {#Sec34}
---------------------------------------

PMG is described in a number of metabolic disorders including Zellweger's syndrome \[[@CR94]\], congenital disorders of glycosylation, as well as mitochondrial diseases such as Leigh's disease and PDH deficiency \[[@CR4],[@CR95]\]. Abnormal cytosomes in radial glia and migrating neurones have been implicated in the cortical malformation in Zellweger's syndrome \[[@CR96]\].

### PMG associated with other brain malformations {#Sec35}

PMG is associated with a number of other brain malformations \[[@CR1]\]. Those which appear to contribute some insight into pathogenic mechanisms (cobblestone malformation, GPR56 mutation) are noted above. Others are beyond the scope of this review.

Conclusions {#Sec36}
===========

Abnormality of the brain surface over polymicrogyric cortex is the commonest finding in PMG of any cause. This underlines the importance of the brain surface, particularly pial cells and basement membrane, in the control of normal corticogenesis. The physical and mechanical effects of thickened and collagenous leptomeninges potentially influence folding of the underlying developing cortex. It remains unclear however, to what extent the changes at the brain surface contribute to the development of PMG or result from the same underlying cause.

Fusion of the adjacent meningeal surfaces of gyri is common and may leave traces identified by large blood vessels and collagen fibres communicating with the surface in areas of PMG. In only one circumstance have we encountered fusion of adjacent gyral surfaces in the absence of leptomeningeal surface abnormality and overmigration of cells into the leptomeninges.

Abnormal neuronal festooning of the neuronal layer beneath a smooth surface appears in some cases to be the primary malformation, occurring well before the onset of normal gyration. This supports the argument that PMG is not merely an abnormality of folding or fusion of adjacent gyri but in some cases reflects an earlier inherent anomaly of cortical development.

Many questions remain unanswered and it is hoped that the integration of imaging, genetics and animal models with human observational neuropathology will assist in finding at least some of the answers. To date, it has not been possible to determine the primary insult, genetic or destructive, associated with each of the observed subtypes of PMG.

Additional file {#Sec37}
===============

Additional file 1:**Mechanisms of Polymicrogyria.**
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